Kaposi's sarcoma-associated herpesvirus (KSHV; also known as human herpesvirus 8 ) is a lymphotropic gammaherpesvirus originally identified in the context of Kaposi's sarcoma (8) and subsequently implicated in primary effusion lymphoma and multicentric Castleman's disease (6, 66) . The KSHV genome most closely resembles herpesvirus saimiri (60) , but the virus also bears more distant structural and functional similarities to Epstein-Barr virus (48, 49) . Like all herpesviruses, KSHV displays a bifurcating gene expression program that allows it to defer lytic replication and enter a protracted state of latency during which only a small minority of viral genes are expressed (19, 21, 71, 78) . KSHV establishes latency in B lymphocytes and vascular endothelial cells, but it must resume lytic replication to disseminate or colonize a new host. Discovery of the physiological signals that control KSHV reactivation is thus key to controlling its pathogenic potential. Suppression of such signals could block the spread of infection, and pharmacological induction of such signals might flush latently infected cells into lytic replication for elimination by nucleoside analogue drugs (31) .
Impaired cellular immunity plays a critical role in allowing KSHV replication, but the physiological stimuli that positively induce lytic gene expression are poorly understood. Chemical agents such as phorbol esters or N-butyrate can reactivate KSHV in vitro (45, 50, 57) , and proinflammatory cytokines have similar, though weaker effects (7, 44, 46) . At the level of the viral genome, lytic reactivation is mediated by the KSHVencoded transcription factor RTA. Overexpression of the RTA gene is sufficient to trigger lytic replication in latently infected B-cell lines (37, 70) , and RTA mutations can block viral reactivation in vitro (36) . RTA protein can also autoactivate the RTA promoter (16, 25, 62) , but the cellular signals that initiate RTA expression are not well understood. Several recent studies have shown that high levels of autonomic nervous system activity can accelerate the onset of AIDS-defining conditions during human immunodeficiency virus type 1 infection (11, 12, 14) . These effects have been attributed to autonomic nervous system regulation of human immunodeficiency virus type 1 replication (10, 13, 14) , but it is also conceivable that autonomic nervous system activity might directly activate opportunistic pathogens such as KSHV. The present studies examined that hypothesis, with an emphasis on the cellular signal transduction pathways that might allow catecholamine neurotransmitters from the autonomic nervous system to regulate key molecular events in KSHV reactivation. Results show that physiological concentrations of epinephrine and norepinephrine can induce lytic replication of KSHV in latently infected lymphoid cells via ␤-adrenergic activation of the cellular protein kinase A (PKA) signaling pathway. These effects are mediated by increased expression of RTA and posttranslational enhancement of its trans-activating capacity. Results provide an endocrinological perspective on the control of KSHV replication and suggest novel strategies for therapeutic intervention.
MATERIALS AND METHODS
Cell culture. KSHV reactivation was analyzed in the primary effusion lymphoma (PEL) cell lines KS-1, BC3, and BCBL-1. DG75 and Ramos served as B lymphoid cells uninfected with KSHV or Epstein-Barr virus. Cells were cultured under standard conditions in RPMI plus 10% fetal bovine serum or in serumfree X-VIVO 15 (Cambrex, East Rutherford, NJ) supplemented by a defined mix of growth factors (MITOϩ, BD Biosciences, Bedford, MA). Reactivation experiments were performed as described (70) , using the PKC inducer phorbol-12-myristate-13-acetate (PMA, also known as TPA; Calbiochem, San Diego CA), the PKA inducer dibutyrl cyclic AMP (db-cAMP), norepinephrine ([Ϫ]-arterenol; Sigma-Aldrich, St. Louis, MO), or other indicated agents acting on the ␤-adrenoreceptor (␤AR)/cAMP/PKA signaling pathway (all from Sigma-Aldrich or Calbiochem). Norepinephrine and PKA modulating agents were diluted in phosphate-buffered saline and added to cultures in volumes Յ1% of total culture volume. Unstimulated controls received an equivalent volume of vehicle.
Lytic protein expression. Intracellular expression of KSHV ORF59 was assayed by flow cytometric quantification of indirect immunofluorescence in permeabilized KS1, BC3, or BCBL1 cells; 2 ϫ 10 6 cells were stained for 30 min at 4°C with 1 g of mouse-anti KSHV ORF59 monoclonal antibody (Advanced Biotechnology Incorporated, Colombia, MD) in 50 l of BD Cytofix/Cytoperm (BD Immunocytometry Systems, San Jose, CA), washed in 450 l of permeabilization buffer, stained for 30 min with 0.5 g of fluorescein isothiocyanateconjugated rat anti-mouse immunoglobulin G2b Ab (BD Immunocytometry Systems), and washed again in 450 l of permeabilization buffer. Fluorescence intensity data were acquired on a FACScan flow cytometer (BD Immunocytometry) with dead cells and debris excluded on the basis of forward-versus sidescatter gating using CellQuest software. KSHV lytic proteins and cellular ␤-actin were also assayed by Western blot with enhanced chemiluminescence using KSHV patient serum, as previously described (70) .
Lytic gene expression. mRNA for KSHV gene products and human ␤-adrenoreceptor subtypes were quantified relative to cellular housekeeping genes using real-time reverse transcription (RT)-PCR. Reactions utilized 1/10 of the total DNase-treated (QIAGEN, Valencia, CA) RNA extracted from 10 6 cells in a one-step thermal cycling protocol (QIAGEN One-Step RT-PCR) with 30 min of reverse transcription at 50°C, 15 min. of RT denaturation at 95°C, and 40 cycles of DNA amplification (15 s at 95°C, 60 s at 60°C). Reactions utilized established primers and fluorescent detection probes for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and KSHV K8.1, ORF29, ORF50, ORF72, and ORF57 (21) . Primers for human ␤-adrenoreceptor subtypes were: ␤ 1 (forward: TCG GAA TCC AAG GTG TAG GG, reverse:TGG CTT TTC TCT TTG CCT CG), ␤ 2 (forward: CAT GTC TCT CAT CGT CCT GGC CA, reverse:CAC GAT GGA AGA GGC AAT GGC A), and ␤ 3 (forward: GGC TTC TTG GGG AGT TTC TTA GG, reverse: TTC TGG AGG GTA GAG TGT CAC AGC), derived from GenBank sequences ADRB1: J03019, ADRB2: M15169, and ADRB3: X70811, respectively. mRNA expression was normalized to GAPDH by subtraction of threshold cycles (C t ; normalized target C t ϭ target C t Ϫ GAPDH C t ) and quantified as a fold change relative to an unstimulated baseline (fold change ϭ 2[stimulated normalized target C t -baseline normalized target C t ]).
DNA replication. Replicating KSHV DNA was assayed by Gardella gel analysis as previously described (23) . Briefly, 2 ϫ 10 7 KS1 cells were lysed during electrophoresis through a 0.75% agarose gel for 3 h at 0.8 V/cm followed by 17 h at 4.5 V/cm. Resolved DNA was transferred to a Hybond Nϩ membrane (Amersham-Pharmacia, Buckinghamshire England), UV cross-linked, and probed with a 3-kb 32 P-labeled PCR product spanning the majority of the KSHV ORF50 locus. Supernatant particle-associated KSHV DNA was assayed by treating 1 ml of 0.45-m-filtered PEL cell supernatants with 2 g DNase (Worthington Biochemical Corporation, Lakewood, NJ) and 10 mM MgCl for 15 min, followed by extraction of particle-protected DNA (QIAGEN MiniElute virus spin kit) and real-time PCR amplification of KSHV K8.1 DNA (45 cycles of 95°C for 15 seconds and 60°C for 60 seconds) with resolution of products on an 3% agarose gel.
Infectious virus. PEL cell production of infectious KSHV was assayed by suspending peripheral blood mononuclear cells (PBMC) from healthy donors in PEL cell supernatants that had been filtered at 0.45 m and treated with DNase as described above; 2 ϫ 10 6 PBMC were stimulated with PHA for 72 h, washed, and incubated for 1 h. in 2 ml of cell culture supernatant from PEL cells treated with phorbol myristate acetate (PMA), norepinephrine, db-cAMP, or vehicle for 48 h. After extensive washing, PBMC were cultured for another 24 h and establishment of KSHV genomic DNA in PBMC was assayed by PCR detection of ORF50 (forward: AAC CAG AAG CCT CGG GCG AAG, reverse: GTG CAC GCC ACG GAT GTC) or K8.1 (forward: AAA GCG TCC AGG CCA CCA CAG A, reverse: GGC AGA AAA TGG CAC ACG GTT AC) in cellular DNA (45 cycles of 95°C for 15 seconds and 60°C for 60 seconds, with SYBR green real-time detection). Cellular RNA was also extracted from 8 ϫ 10 6 PBMC, treated with RNase-free DNase (QIAGEN RNEasy), and assayed for expression of the latent gene product ORF72 by real-time RT-PCR as described (21) . Results were normalized to GAPDH DNA amplified in parallel and visualized on a 2% agarose gel.
Overexpression of PKA catalytic subunit. PEL cells were transduced with a self-inactivating lentiviral vector expressing a constitutively active form of PKA (43) and an enhanced green fluorescent protein (EGFP) reporter gene under control of a recombinant Rh-MLV promoter (34) . Both sequences were translated from a single transcript bearing the PS3 internal ribosome entry site (IRES) (73) . cDNA for the human immunodeficiency virus type 1 central polypyrimidine tract (77) was introduced into pSIN-18-Rh (34) at the XhoI site upstream of the Rh murine leukemia virus promoter to produce pSIN18RhMLV-E-CPPT. cDNA of the PKA catalytic subunit ␣ (PRKACA: X07767) was amplified with primers bearing AgeI and SalI restriction sites and subcloned into pCR-Blunt TOPO (Invitrogen, Carlsbad, CA), sequenced, released by digestion, purified, and subcloned into AgeI and SalI sites of pSIN18RhMLV-E-CPPT to produce pSIN18RhMLV-E-CPPT-PKA. The PS3 IRES-EGFP sequence was excised from pDF-PS3 (73) and subcloned into the NotI site of a circularized pCRII-TOPO vector (Invitrogen). The EcoRV site upstream of the subcloned fragment was changed into a SalI site, and a SalI/XhoI fragment was subcloned into pSIN18RhMLV-E-CPPT-PKA to produce pSIN18RhMLV-E-CPPT-PKA-PS3-EGFP. The negative control vector pSIN18RhMLV-E-CPPT-EGFP included EGFP sequences in the absence of upstream PRKACA-PS3 sequences. Vectors were constructed by transfection into 293T cells (34) , and target cells were transduced by 1 h of incubation in vector-containing supernatants supplemented with 10 g/ml Polybrene.
RTA promoter activity. Luciferase reporter assays utilized a 3-kb sequence upstream of the RTA translation start site (pRpluc) (16) , and three truncation variants generated by restriction enzyme digestion of pRpluc (pRp1 cut at PstI, pRp2 at NdeI, and pRp8 at KpnI) to delete six potential cAMP response elements (CREs) detected by sequence-based bioinformatics (76); 4 g of each reporter construct was electroporated along with 50 ng of the control pRLCMV (Renilla luciferase driven by the cytomegalovirus [CMV] promoter) (Promega, Madison, WI) and 6 g of empty pcDNA3 vector (10 g total) into 10 7 KS-1, BC3, BCBL-1, or DG75 cells (240 V, 125 ⍀, 950 F) or 5 ϫ 10 7 Ramos cells supplemented with 26 g/ml DEAE dextran (2 cycles of 320 V, 0 ⍀, 950 F), using a BTX ECM 630 pulse generator. Dual luciferase assays (Promega) were performed in triplicate, with firefly luciferase light units normalized to Renilla luciferase light units prior to analysis of log fold change by Student's t test.
RTA trans-activating capacity. RTA protein was expressed in the context of RTA promoter assays by replacing 4 g of pcDNA3 with pcDNA3/RTA (a pcDNA3-based vector expressing genomic KSHV RTA under control of the CMV promoter) (16) or pFLAG/RTA (C-terminally FLAG-tagged KSHV RTA) (3, 65) . To control for any effect of PKA on the CMV promoter (56), data were normalized to Renilla luciferase levels driven by the CMV promoter (pRLCMV). To assess RTA-mediated trans-activation of a heterologous KSHV promoter, luciferase reporter assays were conducted as above after replacing pRpluc with pLUC/-69, a pGL3-Basic vector expressing firefly luciferase from a 69-nucleotide fragment of the KSHV PAN RNA promoter (64) .
Expressed RTA protein levels were assessed in parallel using flow cytometry to detect C-terminal EGFP-tagged ORF50 expressed under control of the same promoter (a kind gift from Joonho Choe, Department of Biological Sciences, Korean Advanced Institute of Science and Technology) (26) . Fluorescence intensity data were acquired on a FACScan flow cytometer (BD Immunocytometry) with dead cells and debris excluded on the basis of forward versus side scatter gating using CellQuest software. In each of three replicate experiments, GFP expression was quantified as a percent change above background fluorescence levels, with statistical significance of differences assessed by paired t test.
RTA phosphorylation targets. The predicted amino acid sequence of RTA (AF091348) was scanned by Phosphobase 2.0 (32) to identify consensus PKA VOL. 79, 2005 ␤-ADRENERGIC REACTIVATION OF KSHV 13539 phosphorylation sites (55) . Functional significance of predicted PKA and PKC phosphorylation candidates at serines 526 (S525) and 526 (S526) was assessed by converting both codons to alanines through site-directed mutagenesis of pcDNA3/RTA-FLAG, with PCR primers changing RTA nucleotides 1573 to 1574 from GC to AG to produce S525A; and nucleotide 1576 from G to T to produce S526A. Mutations were verified by sequencing and characterized in PAN promoter luciferase assays as above.
Overexpression of ␤-adrenoreceptors. To assess the effects of ␤-adrenoreceptor overexpression in the absence of exogenous ligands, PEL cells were electroporated as described above with 4 g of mFLAG-␤-pcDNA3 (a gift from B. Kobilka, Stanford University) or pcDNA3 (empty vector). At 24 and 48 h later, cells were assayed for lytic protein expression by ORF59 flow cytometry as described above.
RESULTS

Effect of catecholamines on latent KSHV infection.
To determine whether autonomic nervous system activity might reactivate lytic replication of KSHV, we treated three latently infected B-cell lines with physiological concentrations of the catecholamine neurotransmitters epinephrine and norepinephrine (18, 39, 58, 61) and assayed lytic protein expression 48 h later. Catecholamine concentrations ranging from 1 nM to 100 M activated lytic gene expression in KS-1, BC3, and BCBL-1 cells when assessed at the level of protein (Fig. 1A ) and mRNA (Fig. 1B) . All lytic gene classes were induced, ranging from the immediate-early gene RTA/ORF50 to the late lytic gene ORF29 (Fig. 1C) . Similar effects were observed for representative early genes (e.g., ORF59; data not shown). Norepinephrine induced KSHV DNA replication (Fig. 1D) , and PCR analysis of cell culture supernatants confirmed an increased concentration of particle-associated KSHV DNA (Fig. 1E ). Supernatants from norepinephrine-treated PEL cells contained sufficient concentrations of viral particles to permit de novo infection of primary PBMC (Fig. 1F) . Thus, physiological concentrations of norepinephrine can induce the entire lytic replication cycle in lymphoid cells latently infected with KSHV.
Mediating receptors. Most catecholamine effects on leukocytes are mediated by ␤-adrenergic receptors (63) (␤AR), but ␣-adrenoreceptors can also be expressed under certain conditions (30) . To identify the specific receptors mediating catecholamine reactivation of KSHV, we pretreated PEL cells with either the ␤ antagonist propranalol or the ␣ antagonist phentolamine for 1 h prior to norepinephrine exposure. ␤-Blockade efficiently inhibited norepinephrine-mediated reactivation of KSHV lytic protein ( Fig. 2A) and mRNA (Fig. 2B ). In contrast, ␣-adrenergic blockade did not affect norepinephrinemediated reactivation of KSHV lytic gene expression (Fig. 2B) . Neither inhibitor had any effect on HHV-8 lytic replication in the absence of exogenous norepinephrine (data not shown).
To define the subtype of ␤ receptor responsible for these effects, we assayed mRNA for each of the three known ␤AR types by RT-PCR and found only ␤ 1 adrenoreceptor mRNA to be detectable in appreciable quantities in PEL cells (Fig. 2C) . Catecholamine sensitivity profiles matched the known pharmacology of ␤ 1 ARs, with epinephrine triggering a low-range increase in KSHV lytic gene expression (ϳ1 nM range) in addition to paralleling norepinephrine-mediated induction over the range of 100 nM to 10 M (Fig. 1B) . ␤-Adrenoreceptors required exogenous stimulation to activate KSHV lytic genes, as shown by studies in which overexpression of ␤-adrenoreceptors in the absence of adrenergic ligands failed to induce ORF59 protein expression (data not shown; average 0.4% cells positive by flow cytometry at 24 h versus 0.2% positive for the empty vector control, difference P ϭ 0.625).
Role of the cAMP/PKA signaling pathway. In lymphoid cells, ␤ARs signal primarily through G ␣s -mediated activation of the adenylyl cyclase/cAMP/PKA signaling pathway (29, 63) . Other signaling pathways can potentially be activated (15, 38, 79) , so we sought to verify PKA's role by treating PEL cells with the PKA antagonist KT5720 prior to catecholamine exposure. KT5720 inhibited norepinephrine induction of ORF29 mRNA by more than 90% (Fig. 2D) , and had similar effects on RTA/ ORF50 (data not shown). In contrast, the protein kinase C (PKC) antagonists chelerythrine chloride and bisindolylmaleimide hydrochloride failed to block norepinephrine-mediated induction of KSHV lytic genes (results for chelerythrine chloride shown in Fig. 2D , and similar data for bisindolylmaleimide hydrochloride not shown). Both PKC antagonists blocked KSHV reactivation by PMA, but KT5720 had no effect on PMA-mediated lytic gene expression. Thus, PKA and PKC represent functionally independent signaling pathways for KSHV reactivation in PEL cells.
Direct activation of cAMP signaling with the cell-permeable analogue db-cAMP also activated KSHV lytic gene expression, and other physiological cAMP inducers such as prostaglandin E 2 , and histamine (H 2 ) had similar effects (Fig. 2E) . Hormoneinduced reactivation was specific to ligands that stimulate G ␣s / adenylyl cyclase/cAMP/PKA signaling. Hormones that signal through other pathways failed to induce KSHV lytic gene expression (e.g., acetylcholine or the glucocorticoid receptor agonist dexamethasone) (Fig. 2E) .
Activation of PKA is the most common mechanism by which cAMP regulates cell function, but other cAMP targets have been identified (17) . To determine whether PKA activity can account for cAMP-induced KSHV reactivation, we expressed a constitutively active form of PKA in KS-1 and BCBL-1 cells using a self-inactivating lentiviral vector. The ␣ catalytic subunit of PKA (PKA c ) was expressed from a bicistronic mRNA that included a C-terminal EGFP reporter sequence independently translated via a synthetic internal ribosome entry site. This vector transduced more then 50% of KS-1 and BCBL-1 cells (Fig. 2F) . Expression of the reporter gene alone had minimal impact on KSHV lytic gene mRNA levels, but expression of the reporter gene in conjunction with PKA c up-regulated expression of both immediate-early (RTA) and late lytic transcripts (ORF29) (Fig. 2G) . Thus, PKA activity alone is sufficient to induce lytic gene expression in lymphoid cells latently infected with KSHV.
Effect of PKA signaling on RTA expression and activity. KSHV reactivation from latency is controlled by RTA-mediated trans-activation, and we sought to determine how ␤AR/ PKA signaling might modulate that process. To evaluate direct effects on the RTA promoter in the absence of any contribution from viral gene products, uninfected DG75 or Ramos cells were electroporated with a reporter construct expressing firefly luciferase under the control of ϳ3 kb of KSHV genomic DNA upstream of ORF50 (previously described in reference 16). Cells were then stimulated with the PKA activator db-cAMP or the PKC activator PMA, and luciferase reporter activity was assessed 18 h later. Reporter gene activity increased by fivefold following PKA activation in DG75 cells (Fig. 3A ) and 14-fold in Ramos cells (not shown), indicating that cellular transcription factors alone are sufficient to mediate PKA induction of the RTA promoter. Similar effects emerged in the context of BC3 and KS-1 PEL cells (Fig. 3A and data not shown, respectively).
Several cellular transcription factors respond to PKA, including the CREB/ATF family of basic leucine zipper proteins (5, 40, 47, 53) . Bioinformatic analysis of the 3-kb sequence upstream of ORF50 revealed six putative cAMP response elements (CREs) that could potentially support CREB/ATFmediated activation of the RTA promoter (Fig. 3B) . To define the functional significance of these sites, we compared PKA responsiveness of the full-length promoter (Ϫ3.09 kb) with To define the role of ␤-adrenergic receptors in norepinephrine-mediated reactivation of lytic gene expression, BCBL-1 cells were treated with indicated concentrations of the ␤-antagonist propranalol for 1 h before exposure to 10 M norepinephrine, and then assayed for KSHV lytic protein expression by Western blot 48 h later (primary antibody: Kaposi's sarcoma patient serum). Results show induction of the major KSHV lytic protein species at MW 49,800 which was the only band diagnostic of reactivation by the PMA positive control. (B) Specificity of adrenergic receptor involvement was tested by treating KS-1 cells with the ␣-antagonist phentolamine or the ␤-antagonist propranalol for 1 h prior to norepinephrine (NE) exposure; 24 h later, concentrations of mRNA for the immediate-early ORF50/RTA and late ORF29 were assessed by real-time RT-PCR (values normalized to GAPDH and expressed as a ratio relative to vehicle-treated controls). (C) Expression of mRNA for ␤ 1 , ␤ 2 , and ␤ 3 adrenergic receptors was assessed in untreated KS-1 and BCBL-1 cells by real-time RT-PCR. Products were resolved on a 3.5% agarose gel and compared to positive control PCR products (parallel amplification of genomic DNA for ␤ 1 and ␤ 3 adrenergic receptors or a PBMC cDNA library for ␤ 2 adrenergic receptors and GAPDH). To verify that RT-PCR results were free of contaminating DNA, BCBL-1 and KS-1 RNA samples were amplified in parallel in the absence of reverse transcriptase (No RT). Data are representative of four independent experiments in which ␤ 1 adrenergic receptors were consistently detected at high levels, and ␤ 2 and ␤ 3 receptors were not significantly expressed. (D) To evaluate the role of PKA and PKC in norepinephrine activation of KSHV lytic gene expression, KS-1 cells were pretreated with the PKA antagonist KT5720 (1 M) or the PKC antagonists chelerythrine chloride (Chel, 1 M) or bisindolylmaleimide HCl (300 nM) for 1 h prior to norepinephrine exposure. Expression of mRNA for the late lytic gene ORF29 was assayed by real-time RT-PCR 24 h later. PKA blockade inhibited norepinephrine-induced lytic gene expression by Ͼ90%, but PKC inhibitors failed to block norepinephrine effects. Chelerythrine and bisindolylmaleimide (data not shown) efficiently blocked PMA induction of ORF29, verifying that inhibitors were capable of blocking known PKC activators. KT5720 failed to block PMA-mediated ORF29 expression, indicating that norepinephrine/PKA and PMA/PKC signaling pathways are functionally independent in PEL cells. (E) To determine whether cAMP activity was sufficient to induce lytic gene expression, KS-1 cells were treated with graded doses of pharmacological db-cAMP or with indicated concentrations of physiological cAMP inducers prostaglandin E 2 (PGE 2 ) and histamine (H 2 ). cAMP/PKA specificity was evaluated using hormones that signal through alternative pathways, such as acetylcholine (ACh) or the glucocorticoid dexamethasone (Dex). (F) To determine if PKA activity alone is sufficient to induce lytic gene expression, KS-1 cells were transduced with a lentiviral vector (34) expressing the catalytic subunit of PKA (PKA c ) and a downstream EGFP reporter sequence translated from a single mRNA bearing the PS3 synthetic internal ribosome entry site (73) . At 48 h following transduction with an empty vector, or vector bearing bicistronic EGFP and PKA c , EGFP-positive cells were quantified by flow cytometry to assess transduction efficiency. Cells transduced with EGFP alone showed transduction efficiencies comparable to comparable to EGFP plus PKA c (data not shown). (G) Also at 48 h posttransduction, concentrations of mRNA for immediate-early ORF50/RTA and late lytic ORF29 were quantified by real-time RT-PCR (data normalized to GAPDH and expressed as a ratio relative to empty vector controls). Data represent the mean (Ϯ standard error) of three independent experiments, with statistical significance evaluated by paired t test. Similar effects were observed with BCBL-1 cells (data not shown).
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that of truncated variants lacking the distal four CREs (between Ϫ1.32 and Ϫ2.04 kb) or all six CREs (Ϫ0.29 kb) (Fig.  3B) . Reporter constructs were electroporated into BC3 PEL cells (to assess activity in a the context of KSHV latency) or uninfected Ramos cells (to assess activity in the absence of KSHV gene products) and cells were subsequently treated for 18 h with db-cAMP or PMA. Deletion of the distal four CREs reduced PKA inducibility by approximately 50% in BC3 PEL cells (Fig. 3B) , and by a similar amount in uninfected Ramos cells (data not shown). Despite this quantitative reduction in PKA responsiveness, the RTA promoter continued to show significant induction by db-cAMP even when all six putative CRE sites were eliminated (an average 17-fold enhancement over basal activity in the Ϫ0.29-kb construct, P Ͻ 0.001; Fig.  3B ). Thus, CREB/ATF factors may quantitatively enhance PKA effects on the RTA promoter, but other transcription factors also play a significant role.
Reporter studies conducted in KSHV-infected PEL cells suggested that viral gene products might participate in PKAmediated activation of the RTA promoter. As shown in Fig.  3A , PKA activation up-regulated RTA promoter activity by ϳ16-fold in KSHV-infected BC3 cells, compared to ϳ5-fold in uninfected DG75 tested in parallel (difference, P ϭ 0.0063 as assessed by the cell type ϫ db-cAMP interaction term from a factorial analysis of variance, F [1, 8] ϭ 13.49). Norepinephrine had similar effects (data not shown), with RTA promoter activity increasing by an average 9.37-fold in BCBL-1 PEL cells (standard error Ϯ 1.6-fold, P ϭ 0.0092 by t test), and significantly less in DG75 cells (difference from BCBL-1, P ϭ 0.0012,
One of the most powerful inducers of the RTA promoter is the RTA protein itself (16, 25, 62) . To determine whether PKA might enhance RTA's trans-activating capacity independently of its effects on RTA protein levels, we expressed RTA in trans from a heterologous promoter and assessed db-cAMP effects on RTA promoter activity. As in previous studies (16, 25, 62) , RTA protein significantly enhanced activity of the RTA promoter (Fig. 4A) . Addition of db-cAMP increased that effect by fourfold, from an average of sevenfold above basal activity to more than 30-fold (Fig. 4A) . This increase in trans-activating capacity did not stem from changes in RTA protein levels, which were measured in parallel using flow cytometry to quantify expression of GFP-tagged ORF50 (right panel Fig. 4A ). Similar effects were observed in latently infected KS-1 and BCBL-1 cells, with promoter activity increasing from ϳ16-fold above basal activity levels in the presence of RTA alone to ϳ125-fold above basal activity following the addition of dbcAMP (difference P ϭ 0.007 by t test; data not shown). Nor- FIG. 3 . Regulation of RTA promoter activity by PKA. (A) Activity of the RTA promoter was assessed by luciferase reporter assays in which pRpluc (firefly luciferase coding sequence controlled by ϳ3 kb of KSHV genomic DNA upstream of ORF50) was electroporated into the Ramos or DG75 B cell lines, which are known to be free of KSHV and Epstein-Barr virus, or into BC3 PEL cells containing latent KSHV. Following electroporation, cells were incubated for 18 h in medium supplemented as indicated with the PKA activator db-cAMP (300 M) or the PKC activator PMA (20 ng/ml). Firefly luciferase activity was normalized to Renilla luciferase activity generated by pRLCMV (Renilla luciferase under control of the CMV promoter), and the statistical significance of triplicate determinations was evaluated by t test. Results showed significant PKA-mediated induction of RTA promoter activity in both cell types, but db-cAMP up-regulated RTA promoter activity more strongly KSHV-containing BC3 cells (as indicated by a cell type ϫ db-cAMP interaction term from a factorial analysis of variance, P Ͻ 0.0001). Similar effects were observed when PEL cell lines were treated with 10 M norepinephrine (data not shown). (B) Bioinformatic analysis of the RTA promoter revealed six potential cAMP response elements (CREs) within 2 kb of the ORF50 transcription start site. To assess their role, we compared db-cAMP effects on the full-length promoter (pRpluc) with effects on a series of truncation mutants omitting the distal 1.05 kb but retaining all six putative CREs (pRp1), omitting the distal four CREs (pRp2), and omitting all predicted CREs (pRp8). Experiments were carried out KS-1 cells as described above (A), with data represented as the mean (ϩ standard error) fold enhancement in normalized luciferase activity for db-cAMP-treated cells relative to controls. Deletion of the distal four CREs led to a quantitative reduction in PKA-inducibility, but db-cAMP continued to activate the RTA promoter even in constructs lacking all predicted CRE sites (e.g., pRp8). Similar results emerged in BC3 cells (data not shown).
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on February 21, 2013 by PENN STATE UNIV http://jvi.asm.org/ epinephrine also exerted similar effects, with RTA promoter activity increasing from 15.5-Ϯ 2.9-fold above basal levels with RTA protein alone to 40.8-Ϯ 1.4-fold above basal levels when RTA was supplemented by 10 M norepinephrine (data not shown). Thus, ␤AR/PKA signaling appears to posttranslationally enhance the ability of RTA protein to trans-activate the RTA promoter.
To determine whether PKA enhancement of RTA transactivating capacity might impact other KSHV lytic genes, we also analyzed activity of the promoter driving expression of the KSHV polyadenylated nuclear (PAN) RNA gene (3, 64) . In uninfected DG75 or Ramos cells, db-cAMP had a negligible effect on the PAN promoter (Fig. 4B and Fig. 5 ). Expression of RTA alone significantly increased PAN promoter activity, as previously reported (36, 64, 65, 70) . Activation of PKA in conjunction with RTA expression led to a further enhancement of reporter gene activity, rising from ϳ60-fold above basal activity to Ͼ200-fold (Fig. 4B) . Thus, PKA signaling can enhance RTA-mediated induction of KSHV lytic promoters even when the PKA pathway has no direct effect on the promoter via cellular transcription factors. Norepinephrine induced similar dynamics, with RTA-mediated activation of the PAN promoter rising from 150.4-Ϯ 6.0-fold above basal activity to 1,518.0-Ϯ 333.0-fold in the presence of norepinephrine (difference P ϭ 0.0097 by t test; data not shown).
Posttranslational effects on RTA. RTA protein is extensively phosphorylated (36) , but it is unclear what role this plays in regulating lytic gene expression. Bioinformatic analysis of the RTA coding sequence identified 10 potential PKA phosphorylation sites (32, 55) . One site at serine 526 (S526) fell adjacent to a predicted PKC phosphorylation target at serine 525 (S525), suggesting that this region might represent a generalized target for serine/threonine kinases that modulate KSHV activity. To evaluate that hypothesis, we converted both serine codons to alanines via site-directed mutagenesis and tested the resulting mutant RTA (S525A-S526A) for PKA-mediated enhancement of PAN promoter activity.
The S525A-S526A mutations substantially impaired PKA's ability to enhance the basal trans-activating capacity of RTA (Fig. 5) . PAN promoter activity increased Ͼ50-fold above basal levels when wild-type RTA was supplemented with PKA signaling, but less than 2-fold when the S525A-S526A mutant was accompanied by PKA activation (difference P Ͻ 0.0001, assessed by the interaction term from a factorial analysis of variance, F [1, 8] ϭ 55.77). Thus, PKA-induced up-regulation of RTA activity requires the S525/S526 tandem serines. PKC also enhanced the trans-activating capacity of wild-type RTA (PMA effects in Fig. 5 ), although this effect was less pronounced than that of PKA. PKC's effects were also abrogated by the S525A-S526A mutations, suggesting that this region of RTA might represent a generalized target for modulation by serine/threonine kinases. Although the S525A-S526A mutant was resistant to trans-activational enhancement by both PKA and PKC, it remained a functional transcription factor as shown by its capacity to induce the PAN promoter by an av- 
DISCUSSION
The present data show that physiological concentrations of catecholamine neurotransmitters can efficiently reactivate KSHV lytic replication in latently infected lymphoid cells. These effects are mediated by ␤ 1 adrenoreceptors and subsequent activation of the cAMP/PKA signaling pathway. Other activators of the PKA signaling pathway have similar effects (e.g., db-cAMP, prostaglandin E 2 , histamine), and overexpression of the PKA catalytic subunit alone is sufficient to induce KSHV lytic gene expression. ␤-Adrenergic signaling induces expression of KSHV genes from all stages of the lytic replication cycle and is accompanied by genome replication and production of infectious viral particles. These effects appear to be mediated by PKA regulation of the viral RTA gene-the primary "molecular switch" controlling KSHV lytic replication (36, 70) . Both norepinephrine and PKA induce RTA gene expression via cellular transcription control pathways, and both signals can also enhance the capacity of existing RTA protein to trans-activate viral lytic cycle promoters (including the RTA promoter). These results suggest that autonomic nervous system activity could constitute an important determinant of KSHV reactivation dynamics in vivo. 〈drenergic reactivity also suggests several potential therapeutic strategies, including ␤-blockade to limit reactivation or use of ␤-agonists to flush latent virus into lytic replication for eradication by nucleoside analogues (31) .
PKA signaling alone appears to be sufficient to reactivate KSHV, as shown by the parallel effects of physiological PKA inducers (e.g., catecholamines, prostaglandin E 2 , and histamine), pharmacological PKA activators (e.g., db-cAMP), and genetic overexpression of the PKA catalytic subunit. Complementary findings have recently emerged from a genome-wide overexpression scan that identified the PKA catalytic subunit as one of the most powerful inducers of RTA-mediated transactivation (J. Harada, Genomics Institute of the Novartis Foundation). These data suggest that KSHV might reactivate in response to a broad spectrum of extracellular signals that converge on the cAMP/PKA second messenger system. Most previous studies of KSHV have relied on PKC activators to induce lytic replication (e.g., PMA/tetradecanoyl phorbol acetate) (36) . Like PKA, PKC is a ubiquitous serine/threonine kinase mediating transcriptional response to a diverse array of extracellular stimuli (51, 52) . Although the biological effects of these two kinases are often antagonistic, PKA and PKC target similar amino acid motifs (52, 55) . The PKA-mediated pathway for KSHV reactivation is independent of the PKC-mediated pathway, as shown by the fact that PKC inhibitors failed to block norepinephrine induction of lytic gene expression. However, the parallel effects of PKA and PKC on KSHV lytic gene expression suggest a generalized role for cellular serine/ threonine kinases in regulating the balance between viral latency and lytic replication.
The present studies identify two distinct mechanisms by which the ␤AR/cAMP/PKA signaling pathway can modulate the activity of RTA. Cellular transcription control pathways can directly activate the RTA promoter in the absence of KSHV gene products (e.g., in uninfected B lymphoid cells), and PKA can posttranslationally enhance the trans-activating capacity of RTA protein. PKA control of RTA gene expression appears to be mediated in part by CREB/ATF transcription factors, as shown by a 50% decline in PKA-mediated induction of RTA promoter constructs that lack any identifiable CRE. However, PKA can still enhance RTA promoter activity by Ͼ15-fold in the absence of CRE sites, suggesting that other transcription factors also play a significant role. Identifying those factors and mapping their mechanisms of action will provide further information about the host cell processes regulating KSHV replication. As in the present analysis of the ␤AR/cAMP/PKA pathway, such studies could also identify new systemic regulators of KSHV activity and suggest further targets for therapeutic intervention.
Alternative strategies for controlling KSHV reactivation may also come from the discovery that PKA and PKC share a common capacity to regulate the RTA protein's activity as a To evaluate the functional role of predicted phosphorylation targets at S525 and S526 of RTA, both residues were converted to alanines through PCR-based site-directed mutagenesis. RTA's trans-activating capacity was assayed using a luciferase reporter driven by the KSHV PAN promoter as in Fig. 4B . Reporter constructs were electroporated into uninfected Ramos cells accompanied by either 1 g of pFLAG/RTA (WT RTA), 1 g of pFLAG/ RTA-S525A-S526A (mutant), or 1 g of empty pFLAG (Vector). Cells were subsequently cultured in the presence of 300 M db-cAMP or 20 ng/ml PMA as indicated, and Firefly luciferase activity was measured 18 h later as a fold change above basal activity after normalization to control Renilla luciferase levels. Values represent the mean (Ϯ standard error) fold increase in PAN promoter activity relative to the vehicle-treated control for each construct (Vector, WT RTA, S525A-S526A mutant RTA). Similar results emerged when data were normalized to a common basal condition (e.g., vehicle-treated cells electroporated with the empty vector). In similar studies using KS-1 cells and norepinephrine, endogenous regulation of RTA expression complicated analyses but data continued to show greater PKAinduced up-regulation of RTA activity on the PAN promoter for wildtype RTA versus the S525A-S526A mutant (results reported in main text). , it is tempting to speculate that kinase-induced phosphorylation mediates this posttranslational effect. The presence of these serines within a nuclear localization signal (33) also suggests a potential mechanism for functional modulation. However, we have not been able to directly verify changes in the phosphorylation of either wildtype serine due to the high background levels of phosphorylation previously noted (36) . In addition, mutation of either serine alone failed to block PKA's effect. This could indicate a requirement for coordinated activity of PKA and PKC, or the need for more complex secondary structural alterations to completely block the effects of either kinase alone. Posttranslational enhancement of RTA trans-activating capacity requires more detailed analysis, but the present data clearly show that cellular kinases can regulate the activity of this key viral switch protein. Similar results have emerged in analyses of PKC-mediated control of the Epstein-Barr virus BZLF transcription factor (1, 20, 22) , suggesting that gammaherpesvirus lytic regulators may have evolved a functional sensitivity to cellular kinases as a general mechanism for synchronizing reactivation with favorable cellular conditions. If so, pharmacological manipulation of cellular kinases could provide potential strategies for controlling gammaherpesvirus replication.
〈drenergic reactivity is a common characteristic of ␣-and ␤-herpesviruses (2, 56, 59, 74, 75) and may explain the propensity of those viruses to reactivate in response to environmental stress (27, 42, 54, 59, 74, 75) . The gammaherpesvirus Epstein-Barr virus is sensitive to stress-induced glucocorticoids (4, 24, 35, 41, 67, 68) , and the present studies suggest that KSHV might also reactivate during stress-induced autonomic nervous system activity. The emergence of stress-reactive biology in all major classes of Herpesviridae suggests a potential evolutionary advantage for latent viruses to monitor organismal stress levels, which could be diagnostic of reduced cellular immune threat (28, 54, 72) or lowered host-transmission hurdles (9, 69) . Reactivation of KSHV in response to catecholamines may thus represent one example in which herpesviruses monitor their host to detect ecological conditions favoring their survival in much the same way they seek to create those conditions by manipulating the cellular microenvironment (48) .
